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a b s t r a c t
When interacting with the environment, one can encode spatial
information via egocentric or allocentric perspectives. Allocentric
processing can include both landmark and geometric information.
The current study examined egocentric response-focused, allocentric landmark-focused, and allocentric metric-focused processing
strategies in large-scale spatial environments among 38 children
aged 6–8 years, 31 children aged 9 and 10 years, and 53 young
adults. The current study used a new testing paradigm that made
it possible to investigate all three spatial strategies in the same setting. Participants completed a series of experiments in a modified
radial arm maze. By systematically changing the starting locations
and landmark arrangements, the current study gradually manipulated the reliability and availability of egocentric response and
landmark information while maintaining valid metric information.
Overall, adults performed better than younger children, with older
children performing at an intermediate level. All three groups were
able to abandon the egocentric strategy when it became ineffective
(Experiment 2) and to apply a landmark strategy flexibly
(Experiment 3). Children demonstrated better performance than
previous research has indicated. Nevertheless, the adults were
more effective in using metric strategies than the two child groups
(Experiment 4 and supplemental experiments). Our study suggested that in complex problem-solving situations, metric strategies were more difficult to acquire than the other two strategies
and had a longer period of development.
Ó 2019 Elsevier Inc. All rights reserved.
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Introduction
The ability to cognitively represent the spatial environment is one of the most fundamental of all
human abilities. Importantly, spatial information can be represented relatively flexibly via either egocentric or allocentric perspectives (e.g., Broadbent, Farran, & Tolmie, 2014; O’Keefe & Nadel, 1978;
Piaget & Inhelder, 1967; Ruggiero, D’Errico, & Iachini, 2016). Egocentric spatial processing represents
environmental features from a viewer-centered perspective and, hence, encodes the spatial relations
between the viewer and the environment. Allocentric spatial processing represents spatial relationships between features in the environment and, hence, is independent of the viewer’s vantage point.
Egocentric and allocentric types of spatial processing have been found to be associated with different
brain functions. Whereas egocentric representations largely involve the posterior parietal cortex and
its associated frontal regions, allocentric representations mainly activate the paraphippocampal and
retrosplenial regions and the precuneus (Galati, Pelle, Berthoz, & Committeri, 2010; Iaria, Petrides,
Dagher, Pike, & Bohbot, 2003). The goal of the current study was to investigate the development of
egocentric and allocentric strategies in the spatial navigation of a large-scale environment for children
and adults.
Research has suggested that the development of egocentric processing precedes that of allocentric
processing (e.g., Piaget & Inhelder, 1967; Ruggiero et al., 2016). Even infants exhibit egocentric processing of spatial relations. However, more efficient allocentric processing of relationships between
objects, especially within a small-scale environment (e.g., within a room or box), is not observed until
middle childhood (Acredolo, 1978; Belmonti, Cioni, & Berthoz, 2015; Nardini, Thomas, Knowland,
Braddick, & Atkinson, 2009; Newcombe, Huttenlocher, Drummey, & Wiley, 1998; Piaget & Inhelder,
1967; Poirel et al., 2011; Vasilyeva & Lourenco, 2012). Relatively few studies have examined the development of egocentric and allocentric strategies in large-scale spatial environments (but see Bullens,
Iglói, Berthoz, Postma, & Rondi-Reig, 2010). Small-scale environments reflect a smaller physical scale
and include environments such as pictures and a sandbox. In it, all the spatial information is accessible
from one vantage point or just a few vantage points without the need for locomotion. Large-scale environments reflect a larger physical scale and include environments such as a building and a city
(Hegarty, Montello, Richardson, Ishikawa, & Lovelace, 2006; Montello, 1998). In it, not all environmental features are visible at once, and a change of perspectives (e.g., locomotion) is necessary to see the
landmark and geometric features. Despite some overlap, spatial abilities in small-scale and large-scale
spaces are partially dissociated (Hegarty et al., 2006). Relative to small-scale spatial environments,
large-scale spatial environments generally place higher demands for spatial updating and spatial
working memory (Blades & Spencer, 1994; Broadbent et al., 2014; Merrill, Yang, Roskos, & Steele,
2016; Weisberg & Newcombe, 2016). Large-scale environments also tend to involve more complex
allocentric information, such as landmarks and geometric layouts, than small-scale environments.
Importantly, spatial learning in large-scale spatial environment supports navigation and wayfinding,
a key activity of daily life (Montello, 1998; Montello, Waller, Hegarty, & Richardson, 2004).
Bullens et al. (2010) reported one of the few studies that has examined the development of egocentric and allocentric processing in a large-scale spatial environment. They presented a pentagonal maze
in a virtual environment, adapted from the classic radial arm maze (Iglói, Zaoui, Berthoz, and RondiReig, 2009; Olton, Collison, & Werz, 1977). The maze had five radiating arms, and landmarks were
placed between the ends of adjacent arms. During the learning phase, participants repeatedly
departed from the same non-target hallway and searched for a designated target hallway. During
the testing phase, participants departed from a different non-target hallway. If participants repeated
their previous bodily responses to locate the target hallway, they were classified as using an egocentric strategy. If they used the arrangements of landmarks to locate the target hallway, they were classified as using an allocentric strategy. The researchers also manipulated whether the landmark view
from the new non-target hallway was the same as or in conflict with that from the original learning
phase to assess the spontaneous and deliberate use of the two strategies. They found that when all
information was available, 5- to 10-year-old children tended to use egocentric strategies more readily
and spontaneously than they used allocentric landmark-based strategies (see also Broadbent et al.,
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2014, for results in people with intellectual disabilities). In their study, the allocentric strategy was
solely defined by landmark features. However, in many situations, allocentric spatial information
can include both landmark information and geometric information. Previous studies have found that
these two sources of information appear to be processed in different ways, with functional neuroimaging studies identifying separate brain systems for processing geometric layouts and processing
landmark-related features (Doeller & Burgess, 2008; Doeller, King, & Burgess, 2008; Iaria et al.,
2003; White & McDonald, 2002).
The current study
The overarching goal of the current study was to investigate the relationships between egocentric
response-based, allocentric landmark-based, and allocentric metric-based spatial strategies in navigation for children during middle childhood. One innovation of the current study is to investigate the
development of spatial strategies in complex, multistep problem-solving settings of a large-scale spatial environment. As in a large-scale environment, participants navigated a virtual environment where
they frequently went in and out of different hallways of a hexagonal radial arm in search of a target. As
a complex problem-solving situation, participants needed to evaluate different sources of information,
choose the most relevant set of information or integrate information from multiple sources, and execute behaviors accordingly. Hence, our task was different from previous studies where egocentric processing and allocentric processing were probed in small-scale still images (e.g., Lithfous, Dufour, Blanc,
& Després, 2014) or in simple geometric environments (e.g., Lee & Spelke, 2010).
Our study reflects real-life navigation situations where multiple sources of spatial information are
available and relatively more complex problem-solving processes are required to complete the tasks.
For instance, when navigating in a new city, one can use different sources of information to remember
a particular route. One can remember how he or she turns at each intersection (analogous to egocentric response), the landmarks at each intersection and along the route (analogous to landmark information), and the lengths and shapes of different roads and how they turn (analogous to geometric
information). As in real-life situations, the effectiveness of different spatial information can change
such that the rise of new buildings and road construction may present a challenge for wayfinding.
Hence, our task systematically manipulated the availability and/or effectiveness of some strategies
(i.e., egocentric response and landmark information) while keeping some other strategies constant
(i.e., geometric information). Our study has practical implications for real-life navigation and may also
provide insights for improving spatial strategies for children or people with intellectual disabilities
(Broadbent et al., 2014). Investigating the development of different spatial strategies in large-scale
environments also has theoretical contributions. The current study may add to the growing research
on the mechanisms of spatial development in general. For instance, Merrill et al. (2016) found that
middle childhood between 6 and 12 years is an important developmental period for route and landmark learning in a large-scale spatial environment. The current study may help to explain how the
mastering of different spatial strategies can contribute to the growing competence for spatial navigation during middle childhood.
Studying large-scale spatial environments in complex problem-solving situations is also consistent
with the experience of children during middle childhood. They have an increasingly larger field of free
exploration and physical activity and, hence, have been accumulating experiences with navigation
(Merrill et al., 2016). For instance, during the 7- to 12-year-old period, children develop an increased
ability to use multiple distal landmarks as well as encode and integrate distances from multiple landmarks (Blades & Spencer, 1994; Leplow et al., 2003; Overman, Pate, Moore, & Peuster, 1996). They also
experience a gradual maturation of the hippocampus and are starting to use symbolic spatial representations such as maps and models (Vasilyeva & Lourenco, 2012). All these contribute to the observation that middle childhood is an important developmental period for allocentric processing (Bullens
et al., 2010; Nardini et al., 2009; Piaget & Inhelder, 1967). In the current study, we selected two age
groups from this period—6- to 8-year-olds and 9- and 10-year-olds—to represent the early and later
stages of middle childhood, respectively.
The second innovation of the current study was the investigation of all three types of spatial information in the same setting. This was achieved through the design of a new set of testing paradigms
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discussed later. Although not exhaustive (e.g., angle, terrain), the three types of information (i.e., egocentric response, allocentric landmark, and allocentric metric) encompass the majority of the important features accessed and used during one’s interaction with the environment. However, previous
research generally considered no more than two types of spatial information at the same time (e.g.,
Bullens et al., 2010; Cheng, Huttenlocher, & Newcombe, 2013; Leplow et al., 2003). By integrating
all three sources of spatial information into the same setting, the current study can provide direct evidence on the relationships among the three types of strategies in child development.
Several theories have been proposed to explain the relationship between geometric processing and
featural (or landmark) processing (e.g., Lew, 2011; Mackintosh, 1976; Miller & Shettleworth, 2008;
Stürzl, Cheung, Cheng, & Zeil, 2008). Among them, one relevant school of thought is that geometric
information can be processed in a modular fashion. For instance, geometric information can be
acquired incidentally, rather than by reinforcement, unlike landmark information (Doeller &
Burgess, 2008; Gallistel, 2017). Very young children (e.g., 18–24 months) often use geometric cues
prior to using featural cues (Bushnell, McKenzie, Lawrence, & Connell, 1995; Cheng, 1986; Hermer
& Spelke, 1996; Lee & Spelke, 2010). Another school of thought is that geometric information can
be difficult to acquire. For instance, participants may be completely unaware of the geometric inconsistencies of an altered virtual environment (Warren, Rothman, Schnapp, & Ericson, 2017). Geometric
cues can also be overshadowed by a beacon (Redhead, Hamilton, Parker, Chan, & Allison, 2013). A third
theoretical perspective proposes that children’s use of featural and geometric information depends on
how precise children can encode each type of information and the salience, validity, and usefulness of
the information (Newcombe & Ratliff, 2007).
Given the complexities of the available theoretical perspectives and the situations each perspective
attempts to explain, our study was not designed to provide a direct test of a particular theory. Rather,
our study examined the extent to which complex geometric information can be learned and used during navigation relative to landmark information and egocentric response information. We hypothesized that when geometric information is complex, as in the current study, the ability to use a
geometric strategy should undergo a developmental progression during middle childhood. More
specifically, we predicted that metric strategies should be most difficult to acquire relative to egocentric response and landmark strategies. This is due to the increased demands on spatial working memory, spatial updating, and information integration necessary for using metric strategies in large-scale
spatial environments. We also expected that the prevalence of using an egocentric response strategy
should gradually decrease with age and the effective use of a landmark strategy should gradually
increase with age during middle childhood, consistent with Bullens et al. (2010). We specifically
hypothesized that children should systematically progress from using self (egocentric response strategies), to using objects (allocentric landmark strategies), to eventually using geometrics (allocentric
metric strategies) as a frame of reference when encoding and interacting with the spatial
environment.
We created a new testing environment and a new set of procedures to examine the proposed
research questions. As in Bullens et al. (2010), participants needed to find a target hallway starting
from a non-target hallway in our task. We presented participants with a hexagonal radial arm maze
with six radiating hallways in a virtual environment. Studies have documented that spatial knowledge
acquired from virtual environments can successfully transfer to real environments (e.g., Lingwood,
Blades, Farran, Courbois, & Matthews, 2015; Merrill et al., 2016; Willemsen, Colton, Creem-Regehr,
& Thompson, 2009). However, there were several important variations. First, unlike Bullens et al.
(2010), where hallways were of equal length, we varied the length of the hallways (Brown &
Huggins, 1993) to afford metric information. The geometric configuration of our hexagonal maze
was more complex compared with simple geometric shapes such as triangles and squares (Lee &
Spelke, 2010). The target hallway was always associated with the unique metric combination of its
own length and the lengths of its adjacent hallways. Second, we used six unique landmarks to afford
landmark information. Hence, it was possible to form a one-to-one association between the landmark
and the target hallway. This could not be done in Bullens et al. (2010), where half of the landmarks
were very similar to the other half. Third, we were able to dissociate landmark and metric information
by presenting landmarks in the center platform so that metric information, in this case the length of
the hallway, did not covary with the presence of landmarks. This is different from previous research
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(e.g., Bullens et al., 2010), where landmarks were presented at the end of the hallways and perceived
as a certain distance away and, hence, it was not possible to dissociate the two.
We also adopted a new set of experimental procedures. Through Experiments 1–4, we gradually
reduced the reliability of egocentric response strategies and the reliability and availability of landmark
strategies by changing the starting hallway and rearranging and removing landmarks. A strategy was
considered unreliable when using it would lead to wrong responses. A strategy was considered
unavailable when information needed to use the strategy was absent (e.g., landmarks were removed).
Our goal in these experiments was to identify how little information was necessary for participants of
different ages to locate the target once they had successfully navigated the environment with all the
information available to them. All participants received the experiments in the same order, with
lower-level strategies becoming unreliable/unavailable before the more advanced strategies.
General method
Design
In Experiment 1, the starting location and landmark arrangements all were constant. Using egocentric response information (i.e., remembering body responses), allocentric landmark information (i.e.,
remembering the landmark associated with the target hallway), or allocentric metric information
(i.e., remembering the length information of the target hallway) all would lead to locating the target
correctly. We changed the starting hallway, which made an egocentric response strategy ineffective, in
Experiment 2. We made landmark information unreliable on the first testing trial by moving landmarks, while leaving them the same on subsequent trials, to assess the flexibility of using landmark
strategies in Experiment 3. We made landmark information unavailable by removing all landmarks
in Experiment 4. Hence, only metric information was available to locate the target hallway because
we never changed the length of hallways and the target hallway was always associated with the
unique combination of its length and the lengths of its neighboring hallways. The overall design is presented in Table 1. Although this procedure potentially introduces one confound (i.e., participants
receive more practice prior to attempting the most difficult manipulation), it also permits participants
to demonstrate maximum performance in Experiment 4 if they are able to learn the metric information needed to locate the target. In addition, we informed the participants of the change in materials to
ensure that they were not surprised or confused by any of the manipulations.
Participants
College students from a large southern city in China participated in the study for monetary compensation. Child participants were recruited from a local elementary school. None of the children
had any intellectual or developmental disabilities, as reported by the teachers. Children received a
small prize for their participation. In the original sample, 5 younger children were unable to complete
the experiments due to fatigue or boredom. In addition, 5 younger children, 5 older children, and 3

Table 1
Experimental manipulations in four experiments and their associated spatial strategies.
Manipulations

Experiment
Experiment
Experiment
Experiment

1
2
3
4

Strategies

Starting
hallway

Landmark
arrangements

Response

Landmark

Metric

Same
Different
Different
Different

Same
Same
Different
Absent

Reliable
Unreliable
Unreliable
Unreliable

Reliable and available
Reliable and available
Unreliable and available
Unavailable

Reliable
Reliable
Reliable
Reliable

and
and
and
and

available
available
available
available

Note. ‘‘Same” refers to it being the same as the previous experiment. ‘‘Different” refers to it being different from the previous
experiment.
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adults were unable to complete the experiment due to time constraints. In the final sample, there
were 27 adults (age range = 18–22 years; 12 men), 28 younger children (mean age = 7.36 years,
SD = 0.62, range = 6.19–8.22; 9 boys), and 26 older children (mean age = 9.76 years, SD = 0.41,
range = 9.17–10.91; 14 boys). Participant recruitment and testing were compliant with Sun Yat-sen
University’s ethics committee requirements. In addition to parental consent, child assent was obtained
before testing for children. All participants were tested individually, and they completed Experiments
1–4 sequentially and the accompanying posttests last. The completion time, including breaks, ranged
from 30 min to 1 h for children and from 20 to 40 min for adults.
Materials
The virtual environments were programmed via Hammer and rendered in the video game Portal
(see Fig. 1A and 2). It was a six-arm radial maze where six hallways radiated from a hexagonshaped platform. Two hallways were short, two were medium, and two were long. The short hallways
corresponded to 2.4 m in the virtual environment and took 5 or 6 virtual steps to travel. Note that for
all participants, the walking speed was the same as determined by the program. With one mouse click,
a participant’s perspective moved forward by one step, representing the speed of an unseen human
avatar in the virtual environment. The medium and long hallways were two and three times the
length of the short hallways, respectively. The medium hallways took about 10 or 11 steps to travel,

Fig. 1. Layouts of the environments. For the hallway names, 1L and 2L refer to long (L) hallways, 3M and 4M refer to medium
(M) hallways, and 5S and 6S refer to short (S) hallways. The target is always found in 3M. For the landmarks: W, blue water can;
P, striped pole; G, green trash can; T, tire; B, wooden box; C, clock. The black star indicates the starting location. (A) Layout in
Experiment 1. The green route indicates the correct route. (B) Layout in Experiment 2. The two red routes indicate the paths
consistent with using response strategies. (C and D) Layouts C and D in Experiment 3. The arrangements of landmarks are
different from those in Panels A and B. (E) Layout in Experiment 4. There are no landmarks in this panel. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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and the long hallways took about 16–18 steps to travel. It took 3 or 4 steps to travel between two adjacent hallways around the center platform. There was a green box at the end of each hallway. For the
target hallway, there was also a smaller red ‘‘treasure box” hidden behind the green box. Notably, the
green boxes appeared to have different sizes on the retina due to different depths of the hallways. This
should provide stronger metric cues about hallway lengths. Hence, hallways in our environment provided different depth perceptions such that one can see the hallways of different lengths as different
even without traveling down them (Armbrüster, Wolter, Kuhlen, Spijkers, & Fimm, 2008). Throughout
the experiment, the target hallway was always of medium length and next to another medium hallway to the left and a long hallway to the right. Hence, the target hallway was defined by the unique
combination of its own length and the lengths of its neighboring hallways. Every hallway in the maze
could be defined this way and was unique. The metric information remained constant in the study. For
reporting purposes, we have numbered the hallways 1–6, with the target hallway designated as Hallway 3. The numbering was not known to the participants.
Experiment 1
Experiment 1 was a baseline condition where participants learned the target hallway from a constant and fixed starting hallway. All three sources of information (egocentric response, allocentric
landmark, and allocentric metric) were reliable. Participants could have used any source of information, and it would lead to correctly locating the target hallway. The goal was to examine the learning
rates of three age groups in navigation when all three types of information were available. We
expected adults to outperform the two child groups.
Method
Materials
The materials were a six-hallway radial arm maze with a center platform. On the center platform,
there were six landmarks. Each landmark was directly across from one hallway. The striped pole was
the landmark directly across from the target hallway (see Fig. 1A and 2).
Procedures
Participants were told that they were playing a treasure hunt video game and the goal was to locate
a red treasure box. Participants were shown the complete maze twice in video format from the firstperson point of view. The first video started from the extremity of Hallway 5 and then entered and
exited each hallway in counterclockwise order (i.e., turning right). The second video also began in
Hallway 5 but entered and exited each subsequent hallway in clockwise order (i.e., turning left).
The videos depicted the exact same environment like the one that participants would navigate in
Experiment 1. They were shown only at the beginning of Experiment 1 and were not repeated in later
experiments. Participants were instructed to pay close attention because they would need to find the
treasure box later. See Fig. 2 for screenshots of the environment.
Participants were taught how to use the mouse to navigate the maze. Left mouse clicking led to
forward moving. Moving the mouse left, right, forward, or back led to moving left, right, forward, or
reverse, respectively. The experiment started after the experimenter had made sure that participants
were comfortable using the mouse and understood the task. None of the participants had any trouble
controlling the mouse or understanding the goal of the task. Throughout the experiment, participants
were told to locate the treasure as fast as possible by traveling down as few hallways as necessary.
Hence, participants were discouraged from exhaustively visiting each hallway to find the target. They
were also explicitly told that the environment and starting hallway were identical to those in the
videos. Participants completed trials until they reached the criterion of finding the target hallway
correctly in two consecutive trials or after a minimum of four trials (including two consecutive correct
trials). The minimum of four trials helped to ensure that participants were relatively familiar with the
environment at the end of Experiment 1. For this and all the following experiments, each trial
terminated when participants located the target hallway. Hence, all participants always found the
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Fig. 2. Screenshots of the virtual environment. (A) Looking down the longest hallway from the entrance. (B) Looking down the
shortest hallway from the entrance. The green box was placed at the end of every hallway. (C) The red treasure box (target)
behind the green box in the target hallway is shown. In non-target hallways, the red treasure box was absent. (D) The six objects
on the center platform are shown. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

target but might have differed in the number of hallways visited prior to locating it. A correct response
was defined as visiting the target hallway first on exiting the starting hallway without visiting any
other hallways. Within each trial, we recorded total steps taken, total time used (in seconds), and total
hallways visited. If participants walked through the entrance of a hallway, it was counted as having
visited that hallway. Total steps were analogous to total distance traveled because every step covered
the same distance in the virtual environment. The minimum score for total hallways was 1, including
the target hallway. We also recorded the total number of trials for each participant.
Results
Only significant results are reported for Experiment 1 and the following experiments except for the
main effect of group, which was reported regardless of its significance due to its importance. All the
nonsignificant results had p values greater than .10. All primary analyses were repeated with gender
as a factor, which produced nonsignificant effects unless otherwise noted. For post hoc tests, the Bonferroni method was used to correct for multiple comparisons. The applied alpha level was .05. To
address potential violations of sphericity, the Greenhouse–Geisser method was used. We first evaluated the number of trials needed to reach criterion performance, followed by analyses on steps, hallways, and time. For brevity, only analyses on the number of trials and hallways are reported in the
main text. Analyses on steps and time, which were very similar to those on the hallways, are reported
in Appendix A.
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Total trials
The one-way analysis of variance (ANOVA) on total trials to criterion indicated a significant main
effect of group, F(2, 78) = 8.45, p < .001, g2p = .178. Post hoc tests suggested that adults (M = 4.07,
SD = 0.27) and older children (M = 5.27, SD = 1.99) took significantly or marginally significantly fewer
trials than younger children (M = 7.07, SD = 4.21), p < .001 and p = .052, respectively. When this analysis was rerun including the factor gender, the interaction between gender and group was significant,
F(2, 75) = 4.28, p = .017, g2p = .102. Boys needed significantly fewer trials to reach criterion than girls in
the younger child group (mean difference [MD] = 3.17, p = .004). No gender difference was found in the
other two groups.

Hallways
We conducted a 3 (Age Group: adults, younger children, or older children)  4 (Trial) ANOVA on
hallways. The main effect of age group was significant, F(2, 78) = 8.58, p < .001, g2p = .180, with fewer
hallways taken by adults (M = 1.26, SD = 0.77) than by both groups of children (older children:
M = 2.08, SD = 1.79; younger children: M = 2.33, SD = 1.69). The main effect of trial was also significant,
F(2.74, 213.95) = 4.74, p = .004, g2p = .057, with better performance over trials.
Discussion
Experiment 1 provided baseline performance data for children and adults when all three types of
information (egocentric response, allocentric landmark, and allocentric geometric) were available and
reliable for decision making. Results indicated differences in basic learning rates among the three age
groups. Overall, adults performed better than the younger children on all measures.

Experiment 2
The goal of Experiment 2 was to examine whether children could locate the target when egocentric
response information was no longer reliable. The starting hallways were switched to two new hallways for testing. In this case, a response strategy would lead to an incorrect hallway selection. However, if participants were able to use allocentric information, they could locate the target following
either a landmark strategy or a metric strategy. A landmark strategy would require participants to
use the landmark that was on the platform directly across from the target hallway. A metric strategy
would require participants to choose the medium-length hallway between a medium-length hallway
on the left and a long-length hallway on the right. Based on the expectation that children are more
likely to rely on an egocentric response strategy, we predicted that adults would outperform children
on the quantitative measures of performance (i.e., hallways, time, and steps). In addition, if the landmark strategy undergoes a developmental change during middle childhood, we expected that adults
would be more likely to engage in landmark strategies than the two groups of children.

Method
Materials and procedures
The materials were the same as in Experiment 1. The only change in procedure was that participants were told that they would start from a different hallway but that everything else would be
the same. In Experiment 2 and the following experiments, starting hallways were selected at the start
of the study with several restrictions on choice. First, the selection of the starting hallways ensured
that all hallways were selected during the study. Second, no more than one adjacent hallway was
selected for each experiment. Third, if one hallway was on the right from the target, the other hallway
needed to be on the left from the target (or 180 degrees). In this experiment, participants completed
four trials in which the starting hallways were Hallways 1, 4, 1, and 4 in that order (see Fig. 1B). We
recorded steps, hallways, and time within each trial as in Experiment 1.
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Results
Data from 3 older children were not recorded for Experiment 2 due to a technical failure. However,
these children did complete the remaining experiments.
Hallways
As in Experiment 1, we first analyzed the number of hallways visited. For the 3 (Age Group)  2
(Starting Hallway: 1 or 4)  2 (Trial) mixed ANOVA, the main effect of age group was significant, F
(2, 75) = 4.10, p = .021, g2p = .098, with fewer hallways taken by adults (M = 1.06, SD = 0.23) than by
younger children (M = 1.78, SD = 1.86). Neither of these groups differed from older children
(M = 1.53, SD = 1.47). The main effect of trial was significant, F(1, 75) = 14.15, p < .001, g2p = .159, with
better performance in the second trial (M = 1.21, SD = 0.71) than in the first trial (M = 1.70, SD = 2.05).
The interaction between age group and trial was significant, F(2, 75) = 4.20, p = .019, g2p = .101. The
improvement from the first trial to the second trial was greater for younger children (MD = 0.82,
p < .001) and older children (MD = 0.70, p = .003) than for adults (MD = 0.038, ns).
Responses
For Experiment 2 and the following experiments, we also analyzed the choice of response strategies. We classified participants’ strategies on the basis of the first hallway they chose to enter to locate
the target. If they were using an egocentric response strategy, they would choose the second hallway
on the left (see Fig. 1B). If they were using an allocentric strategy (either landmark or metric), they
would choose the hallway across from the designated landmark. If they chose a different hallway,
we coded their choice as uncategorized. The first trial was indicative of participants’ strategy usage
in a new problem-solving situation. The second to fourth trials were an indicator of how participants
adjusted their strategy if they made an error on the first trial. For instance, using a response strategy
for the first trial would lead to an incorrect response. Participants needed to self-correct and look for
the target hallway again. We hypothesized that this trial-and-error experience should make participants less likely to use the egocentric response strategy in the following trials and more likely to
switch to another more effective strategy.
Overall, the majority of children were able to use an allocentric strategy and only a small percentage of children used the egocentric response strategy. For this and all the following categorical analyses, we conducted Pearson chi-square tests to examine whether age and strategy usage were
independent. When asymptotic tests were inappropriate (i.e., having cells with expected values less
than 5), we used Monte Carlo methods based on a sample of 10,000 and a confidence interval (CI)
of 99%. Here for Experiment 2, we analyzed the independence of age and three types of strategies
(i.e., egocentric response, landmark, and uncharacterized) for the four trials, respectively. For the first
trial, v2(4) = 11.41, Monte Carlo p = .016, 99% CI = .013–.020, indicating that the use of three strategies
differed significantly among the three age groups. Adults used allocentric strategies more and egocentric response strategies less than the two child groups. More specifically, 96.2% of adults, 72% of older
children, and 60.7% of younger children used an allocentric strategy and found the target hallway right
away. In addition, 0% of adults, 12% of older children, and 7.1% of younger children used the egocentric
response strategy indicated by visiting the second hallway on the left. For the second trial, v2(4)
= 10.88, Monte Carlo p = .024, 99% CI = .020–.028, again suggesting a difference in strategy usage
among the three groups. For the third and fourth trials, v2(4) = 7.15 and v2(4) = 2.13, respectively,
Monte Carlo ps > .05. Averaging across the second, third, and fourth trials, 92.5% of adults, 88% of older
children, and 71.2% of younger children used an allocentric strategy correctly. Alternatively, 2.7% of
adults, 6.7% of older children, and 15.6% of younger children used an egocentric response strategy
(see Appendix B).
Discussion
The adults visited fewer hallways than the younger children, with the older children performing at
an intermediate level. Nearly all adults went directly to the target hallway on the first test trial, as
indicated by their small number of total hallways visited. Strategy analyses also suggested that a much
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higher percentage of 6- to 10-year-old children were able to use a landmark strategy and discard the
egocentric response strategy when appropriate than previously reported (Bullens et al., 2010). This is
further discussed in the General Discussion.
Experiment 3
In Experiment 2, participants could use an allocentric landmark strategy, an allocentric metric
strategy, or both of these strategies to locate the target hallway. The goal of Experiment 3 was to
examine whether children and adults could use a metric strategy when landmark information was
also made unreliable. Would they be able to use other information that they could have learned about
the environment when landmark information and egocentric response information both were unreliable? Hence, in addition to starting the search from a different hallway, we rearranged the landmarks
on the center platform. Therefore, a different landmark was paired with the target hallway. Note that
participants were aware of the change and that the landmark information was not reliable for the first
trial. The continued reliance on landmark information, reflected in the selection of the hallway associated with a previously informative landmark, would lead to an incorrect response. The most effective strategy would be to go to the target hallway using metric information (i.e., the unique
combination of the target hallway’s length and the lengths of its neighboring hallways). We chose
to not vary the spatial layouts on every trial to limit frustration, especially for the younger children.
Instead, we varied the landmark arrangements twice as in Layouts C and D. Four trials were associated
with each of these two new landmark arrangements. The first trial for each arrangement would reflect
whether participants were able to use a metric strategy when the landmark information was no longer
valid. For the next three trials, participants could continue using a metric strategy if they were already
doing so in the first trial or they could learn to use the new landmark pattern given that all four trials
used the same landmark arrangements. We predicted that adults should outperform children for
quantitative measures (i.e., hallways, steps, and time). In addition, we predicted that children would
be more likely to persist in using a landmark strategy even though it was no longer effective, especially
at the beginning of each new arrangement.
Method
Materials and procedures
The objects on the center platform were rearranged to produce two different layouts, Layouts C and
D (Fig. 1C and 1D, respectively), so that landmarks were paired with different hallways than in Experiments 1 and 2. Prior to the start of the experiment, participants were told that someone had rearranged the objects on the table but that the treasure box was in the same location. Participants also
did not know where the starting hallways would be. Layout C was presented first in four trials starting
from Hallways 6, 2, 6, and 2 in that order. In Layout C, the target hallway was associated with the wooden box landmark. After completing the first trial (i.e., Hallway 6), participants were told that they
would continue to explore the same environment for several trials. After four trials, participants were
told that someone had rearranged the objects on the table again for the second time. Layout D was
presented in four trials starting from Hallways 2, 4, 2, and 4 in that order. For the first trial of Layout
D, the starting hallway (2) was paired with the wooden box as a way to discourage participants from
using the previous landmark strategy. After completing the first trial, participants were again
reminded that the environment would remain the same for several trials.
Results
Layout C
Hallways. For the 3 (Age Group)  2 (Starting Hallway: 6 or 2)  2 (Trial) mixed ANOVA, the main
effect of age group was not significant, F(2, 78) = 2.17, p = .122, with no difference among adults
(M = 2.09, SD = 1.61), older children (M = 2.33, SD = 2.04), and younger children (M = 2.62, SD = 2.32).
The main effect of trial was significant, F(1, 78) = 25.34, p < .001, g2p = .244, with fewer hallways in
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the second trial (M = 1.83, SD = 2.01) than in the first trial (M = 2.86, SD = 1.70). The main effect of
starting hallway was significant, F(1, 78) = 8.48, p = .005, g2p = .098, with a greater number of hallways
explored when starting from Hallway 6 (M = 2.68, SD = 1.94) than when starting from Hallway 2
(M = 2.02, SD = 1.96). The interaction between trial and starting hallway was significant, F(1, 78)
= 5.19, p = .026, g2p = .062. The improvement from the first trial to the second trial was greater when
starting from Hallway 6 (MD = 1.51) than when starting from Hallway 2 (MD = 0.56).
Responses. Correct responses in the first trial would indicate the effective use of an allocentric metric
strategy. We found that 22.22% of adults, 16% of older children, and 17.86% of younger children located
the target correctly in the first trial. If participants persisted with the invalid landmark strategy, they
would visit the hallway (1) that had been associated with the previous landmark (i.e., pole). Indeed,
18.5% of adults, 40% of older children, and 17.9% of younger children did so. In addition, 25.93% of
adults, 24% of older children, and 7.10% of younger children sequentially visited each hallway until
finding the target hallway, exhibiting exploration behavior (see Appendix B). Pearson chi-square tests
suggested no difference in strategy choice (i.e., metric, landmark, and uncategorized) among the three
age groups, v2(4) = 4.59, Monte Carlo p > .05.
Correct responses in the next three trials could be due to consistent use of a metric strategy or a
switch to a landmark strategy after reestablishing a valid association between the target hallway
and its new landmark. Averaging over the next three trials, 7.40% of adults, 13.33% of older children,
and 11.90% of younger children continued to use the wrong landmarks as in the first trial. By contrast,
70.3% of adults, 66.7% of older children, and 58.3% of younger children found the target right away. In
the last trial in particular, 77.78% of adults, 68% of older children, and 71.43% of younger children
found the target hallway right away. The higher percentage of correct responses in the later trials indicated that those participants who were not successful in the first trial were able to switch to an
updated landmark strategy. Pearson chi-square tests were conducted to examine the independence
of age groups and strategy usages, and none of them reached significance, v2(4) = 2.70, v2(4) = 5.82,
and v2(4) = 0.676 for the three later trials, respectively.
Layout D
Hallways. For the 3 (Age Group)  2 (Starting Hallway: 2 or 4)  2 (Trial) mixed ANOVA, the main
effect of group was significant, F(2, 78) = 8.29, p = .001, g2p = .175, with adults (M = 1.54, SD = 1.26) visiting significantly fewer hallways than younger children (M = 2.67, SD = 2.60). Neither of these groups
differed from older children (M = 1.97, SD = 1.62). The main effect of trial was significant, F(1, 78)
= 19.96, p < .001, g2p = .204, with fewer hallways visited in the second trial (M = 1.66, SD = 1.58) than
in the first trial (M = 2.46, SD = 2.11).
Responses. As stated previously, participants could not use the previous landmark strategy in the first
trial because it was paired with the starting hallway. Correct responses in the first trial may be due to
the use of a metric strategy. However, because the starting hallway of the first trial (2) was immediately adjacent to the target hallway (3), a sequential exploration behavior such as sequentially visiting
each hallway on exiting would also lead to correct responses. In the first trial, 55.56% of adults, 56% of
older children, and 42.86% of younger children located the target correctly. This was clearly higher
than in Layout C, indicating a benefit for the exploration strategy in Layout D. Averaging across the
next three trials, 86.4% of adults, 65.3% of older children, and 51.2% of younger children found the target hallway immediately. Looking only at the fourth trial, 85.19% of adults, 76% of older children, and
60.71% of younger children found the target right away (see Appendix B). Hence, through experience,
the majority of participants in the three groups were able to learn the target hallway location, consistent with the results in Layout C. We conducted Pearson chi-square tests to examine whether the
three groups differed in the number of correct responses (i.e., finding the target correctly vs. not finding it). The landmark strategy, uncategorized strategy, and other ineffective strategies all were combined into the incorrect condition. There was no effect in the first and last trials, v2(4) = 1.22 and
v2(4) = 4.35, respectively. However, there were significant effects in the second and third trials,
v2(4) = 9.15, asymptotic p = .010, and v2(4) = 11.94, asymptotic p = .003, respectively. Adults had
higher percentages of correct responses than the two child groups in these two trials, suggesting that

Y. Yang et al. / Journal of Experimental Child Psychology 181 (2019) 75–101

87

adults may learn to use an updated landmark strategy faster, although the two child groups quickly
caught up by the fourth trial.

Discussion
In the first trial of Layout C, all groups performed poorly. In the first trial of Layout D, close to 50% of
participants located the target right away. However, the close proximity between the starting and target hallways in Layout D raised the possibility that participants may have simply used a sequential
exploration strategy, which coincidently led to the target hallway right away. This possibility was further evaluated in Experiment 4. Overall, the evaluation of strategy usage did not support the rapid
adoption of a metric strategy in any of the three groups on a group level.
Our results were consistent with the view that landmarks play a dominant role in spatial learning.
First, in the first trial of Layout C, a significant proportion of participants, especially the older children,
used the unreliable landmarks that they learned in Experiment 2 in attempting to locate the target.
Older children might be in a transition phase, starting to use a landmark strategy more often than
younger children yet unable to use it as flexibly as adults. However, it also seems that all three groups
were able to quickly learn the new correct landmarks by establishing an association between the new
landmark and the target hallway. There was a rapid improvement in the later trials relative to the first
trials in Layout C for all three groups. It is unlikely that this is due to using a metric strategy because
the metric information was constant throughout the experiment, with only the change in landmark
information that was newly available after the first trial. That is, after locating the target in the first
trial, participants used the new landmark–target association in later trials of the same environment.

Experiment 4
The goal of Experiment 4 was to examine whether participants could use a metric strategy when
landmarks were completely unavailable. This was different from Experiment 3, where landmarks were
unreliable for just the first trial. To this end, we removed landmarks from the center platform of the
maze. In the absence of landmarks, successfully locating the target hallway on the initial attempt at a
rate greater than chance would require participants to use a metric strategy. Furthermore, participants
would be able to improve their use of the metric strategy by learning metric information over trials.
We predicted that adults would outperform children for the quantitative measures. Because of the
complex metric information available in our experiments, we expected that adults would be more
likely to learn and use that information than the child groups. However, it is also possible that even
adults would find the metric information difficult to use given that most of their navigation tasks
operate in the presence of landmarks. Importantly, prior to taking part in Experiment 4, participants
had visited all the hallways at least twice because of the varied starting hallways in the first three
experiments. Hence, a failure to use metric strategies could not be attributed to a lack of experience
with each hallway.

Method
Materials and procedures
All the objects on the center platform were removed. Participants were told that someone had
removed the objects on the table but that the treasure box was still in the same place. Participants
started from Hallways 4, 1, 4, and 1 in that order (see Fig. 1E).

Results
Two older children failed to complete the task due to time constraints.
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Hallways
For the 3 (Age Group)  2 (Starting Hallway: 4 or 1)  2 (Trial) mixed ANOVA, the main effect of
group was significant, F(2, 76) = 5.64, p = .005, g2p = .129, with significantly fewer hallways attempted
by adults (M = 1.95, SD = 1.48) than by younger children (M = 3.38, SD = 3.24). Neither of these groups
differed from older children (M = 2.75, SD = 2.26).
Responses
For the first trial, 48.1% of adults, 61.5% of older children, and 44.4% of younger children located the
target hallway correctly. However, similar to the first trial in Layout D, the starting hallway of the first
trial (4) was adjacent to the target hallway (3). Therefore, sequential exploration behavior, as well as
using a metric strategy, would lead to a correct response. In fact, 22.2% of adults, 30.7% of older children, and 18.5% of younger children sequentially used a counterclockwise sequential exploration
strategy and visited Hallways 5, 6, 1, and 2 and eventually found the target hallway (3) on the fifth
attempt. Averaging across the next three trials, 51.9% of adults, 32.1% of older children, and 19.8%
of younger children located the target right away (see Appendix B). We again conducted Pearson
chi-square tests to examine whether the three groups differed in the number of correct responses
(i.e., correct response vs. incorrect response). There was no effect in the first and second trials,
v2(4) = 1.71 and v2(4) = 1.58, respectively. However, there were significant effects in the third and
fourth trials, v2(4) = 7.35, asymptotic p = .025, and v2(4) = 14.15, asymptotic p = .001, respectively.
Adults had higher percentages of correct responses than the two child groups. This suggested that
adults were more likely to use metric strategies than the two child groups.
To eliminate the possibility of classifying participants as using a metric strategy when they were
using a sequential exploration strategy, we derived a stricter criterion for metric strategy use. More
specifically, we counted those participants who found the target hallway on the first attempt in at
least three of the four trials. Sequential exploration would lead to, at best, only two correct responses
because only two trials started from the adjacent hallways. Hence, it required at least one additional
trial, where the starting hallway was not adjacent to the target hallway, in order to be correct for at
least three of four trials. In other words, participants needed to demonstrate that they could find
the target hallway from both starting locations (i.e., those adjacent [4] and those not adjacent [1]).
Using this criterion, 44.4% of adults, 19.2% of older children, and 7.4% of younger children located
the target hallway correctly in at least three of the four trials, suggesting the use of a metric strategy.
Pearson chi-square test examining the independence of age and strategy use suggested a significant
effect, v2(2) = 10.66, asymptotic p = .005. Adults were more likely to use the metric strategy than
the two child groups.
Discussion
Despite the relatively good performance in the first trial of all three groups, the stricter and more
appropriate criterion for identifying the metric strategy suggested that this was not because the two
child groups used a metric strategy. More likely, it was due to the close proximity between the starting
hallway and the target hallway. It is also not clear that adults were using a metric strategy in the first
trial. A set of supplemental experiments were subsequently conducted to examine this issue further.
Nevertheless, the stricter criterion for identifying a metric strategy indicated that even if participants
were not using the metric strategy in the first trial, many gradually came to notice and use the metric
relations following additional exposure to the environment. In particular, many of the adults and some
of the child participants demonstrated reasonably good performance in the latter three trials even
though the starting hallways were not always adjacent to the target hallway.
Posttests
The goal of the posttests was to further evaluate participants’ strategies during each experiment
and assess their spatial knowledge about the environment. It is possible that wayfinding performance
and wayfinding knowledge might not align with each other (Jansen-Osmann & Fuchs, 2006). Children
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might be aware of the metric information even though they are unable to use it. Posttests explicitly
asking participants about their knowledge of the environment were conducted to help shed light
on this issue.
Method
Materials and procedures
Following the completion of Experiment 4, participants were asked what methods/tricks/strategies
they had used in each variation of the procedure. Verbal cues were provided to remind participants of
each change in the environment (i.e., ‘‘at the beginning when the environment did not change” [Experiments 1 and 2], ‘‘when the objects were rearranged” [Experiment 3], and ‘‘when the objects were
removed” [Experiment 4]). Next, they were asked to choose the correct map of the maze from six
options (see Appendix C). The foils had an incorrect total number of hallways and/or incorrect shape
of the center platform. The hallways in the maps were of equal length to reduce task difficulty. After
the map selection task, participants were asked to compare the lengths of three hallways relative to
the target hallway: the adjacent hallway on the left, the adjacent hallway on the right, and the hallway
directly across from the target hallway. (See Appendix D for some of the scripts.) Finally, participants
were asked what objects they had seen in the environment.
Results
Strategies
We coded whether participants mentioned the following five types of response/information in
their verbal description of strategies: egocentric response (e.g., ‘‘turn left into the third hallway”),
landmark information (e.g., ‘‘using the objects to find the treasure box”), metric information (e.g.,
‘‘the target hallway is not long and not short”), sequential exploration (e.g., ‘‘to search one by one”),
and not otherwise categorized (e.g., ‘‘I just found it”). The classifications were not mutually exclusive,
and one verbal account could include multiple types. Two coders who were blind to the experiment
coded the strategies independently. They also met and resolved any discrepancies, which were very
rare.
A total of 25 participants in each group completed the posttests (see Appendix E). For Experiments
1 and 2, the most often mentioned was landmark information—by 68% of younger children, 68% of
older children, and 92% of adults. Pearson chi-square tests examining the independence of age groups
and five strategies suggested no significant effect, v2(8) = 13.67, Monte Carlo p = .083, 99% CI = .076–
.090. For Experiment 3, younger children mentioned sequential exploration the most (36%), followed
by landmark information (32%), whereas older children and adults mentioned metric information the
most (40% and 48%, respectively). Pearson chi-square test also suggested that the three age groups differed in strategy use, v2(8) = 16.56, Monte Carlo p = .031, 99% CI = .027–.036. For Experiment 4, 40% of
younger children’s responses were not categorized, and the most often categorized strategy was
sequential exploration (32%). Again, older children and adults mentioned metric information the most
(48% and 60%, respectively). Pearson chi-square test again suggested that the relations between age
groups and strategy use was significant, v2(6) = 16.84, Monte Carlo p = .008, 99% CI = .006–.010.
Map selection. Most participants—81.5% of adults, 68% of older children, and 69.2% of younger children—chose the correct map (4). Pearson chi-square tests suggested that the three age groups did
not differ in selecting the correct versus incorrect map, v2(6) = 1.87. The most selected foil was
Map 3 for all three groups, suggesting that some participants might have miscounted the number
of hallways. Nevertheless, they were aware that the center platform was a polygon.
Length judgment. The chance performance was 1/3 (i.e., 33% chance of correct response per hallway)  3 (hallways) = 1. An ANOVA on the number of correct length judgments indicated a significant
group difference, F(2, 77) = 9.74, p < .001. Adults (M = 1.59, SD = 0.80) chose the correct response more
often than both older children (M = 0.64, SD = 0.68) and younger children (M = 1.04, SD = 0.84),
ps < .05, who did not differ from each other. One-sample t tests suggested that adults performed
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significantly higher than chance, t(26) = 3.86, p = .001. Younger and older children’s performance did
not differ from chance, t(27) = 0.23, p = .82, and was lower than chance level, t(24) =
2.57, p = .017,
respectively. Although younger children may be purely guessing, older children may have attempted
to use rudimentary metric knowledge but were unable to express it.
Landmark recall. Adults correctly recalled a mean of 4.07 landmarks, older children recalled a mean of
3.80 landmarks, and younger children recalled a mean of 3.43 landmarks. ANOVA indicated no significant differences among the groups, F(2, 77) = 2.57, p = .083.
Discussion
Overall, adults acquired more spatial knowledge about the environment than children. The results
also suggested that landmarks played a dominant role in guiding participants’ spatial learning. In contrast, the use of metric information and the use of an egocentric response strategy were less common.
Only a very small percentage of younger children identified hallway length information as being useful. Somewhat larger percentages of older children and adults mentioned hallway length in both
Experiments 3 and 4. However, their verbal descriptions were not entirely consistent with their performance. Both older children and adults may simply have been aware of the metric information but
not necessarily able to effectively use it.
Supplemental experiments
In Experiment 4, 40% of adults found the target correctly in the first trial. However, some of their
success may have been due to the target hallway being directly adjacent to the starting hallway. The
goal of the supplemental experiments was to reassess the ability of adults to use metric information
when the sequential exploration strategy did not result in a correct response on the first attempt. A
new group of adult participants completed the same four experiments as the previous participants.
However, in the fourth experiment, the starting hallway of the first trial was Hallway 1, which was
not adjacent to the target hallway. If participants performed more poorly in the supplemental experiments, we could reasonably attribute some of the accuracies in Experiment 4 of the main experiment
to the use of a sequential exploration strategy by the adult participants.
Method
Participants
An additional 23 college students aged 18–22 years (11 men) took part.
Materials and procedures
Participants completed Experiments 1–4 with the change that when completing Experiment 4, participants started from Hallway 1 in the first trial, followed by Hallways 4, 1, and 4 in that order.
Results
We compared adult participants in the main experiments with those in the supplemental experiments on steps, time, and hallways for each of the four individual experiments. As expected, the
effects of the experimental condition were not significant for the first three experiments. The comparison of the fourth experiment did not yield a significant difference between the main and supplemental experiments on any of the measures (see Appendix A).
Responses
Of key interest, in the first trial of the fourth experiment of the supplemental experiments, only 4%
of the participants found the target right away. In fact, 65% of the participants visited Hallway 2 first
before finding the target hallway (3), demonstrating a sequential exploration strategy. Averaging

Y. Yang et al. / Journal of Experimental Child Psychology 181 (2019) 75–101

91

across the next three trials, 59% of participants found the target hallway first. Similar to Experiment 4
of the main experiments, 43.4% of participants correctly completed three of the four total trials, meeting the criterion for using a metric strategy. Compared with the first trial, the results of the second to
fourth trials also suggested greater use of the metric strategy with practice. It is further confirmed by
Pearson chi-square tests, which examined whether correct responses were independent of experiments. For the first trial, there was a significant effect, v2(1) = 13.35, asymptotic p < .001. A higher percentage of participants were correct in the main experiment than in the supplemental experiment.
The same analyses conducted for the other three trials suggested no effects, v2(1) = 1.90, v2(1)
= 0.59, and v2(1) = 0.24, respectively.
Discussion
Response analyses indicated that participants were most likely using a sequential exploration
strategy in the first trial of the supplemental experiment. Together, the results supported that a
sequential exploration strategy may have contributed to the relatively good performance in the
first trial of Experiment 4 of the main experiments when the starting hallway and target hallway
were adjacent to each other. Adults did not or could not use a metric strategy effectively the first
time landmarks were removed. However, they were able to learn metric information fairly quickly
and used it to locate the target hallway, as indicated by steady improvement over the next three
trials.

General discussion
The current study investigated the development of response, landmark, and metric strategies in
spatial navigation for 6- to 8-year-olds, 9- and 10-year-olds, and adults. In a series of experiments,
participants searched for a designated target hallway in a modified six-arm radial maze. Overall,
adults visited fewer hallways, were faster, and traveled less distance than younger children, with
older children performing at an intermediate level. In Experiment 1, participants were tested in a
maze following two exposures to the maze. Adults learned the location of the target hallway faster
than the two child groups. In Experiment 2, participants looked for the target hallway from a new
starting location, which made a simple response strategy ineffective while preserving the utility of
both a reliable landmark strategy and a metric strategy. The adults and most of the children were
able to locate the target immediately. In Experiment 3, the landmark arrangements changed, making the landmark strategy less effective. The three groups showed little use of a metric strategy but
exhibited a pattern consistent with learning and using an association between the target hallway
and its new landmark with relative ease. In Experiment 4, landmarks were removed and only metric information was available. These results, together with those from the supplemental experiments, indicated that the three groups did not use a metric strategy on their first attempt to
locate the target hallway immediately following landmark removal. However, about half of the
adults, one fifth of the older children, and less than one tenth of the younger children were able
to learn and effectively use metric information on subsequent trials. The posttests indicated that
adults acquired greater spatial knowledge than the two groups of children. This greater knowledge
may have allowed for the development of more efficient spatial problem-solving strategies on the
part of the adult participants.
Our results were consistent with our prediction that the three strategies should go through
development during middle childhood. Our results are also in line with the theoretical perspective
that geometric information can be difficult to acquire at times (Warren et al., 2017). In contrast, our
results do not support the proposition that geometric information is always acquired effortlessly or
incidentally (Doeller & Burgess, 2008; Lee & Spelke, 2010). However, this may be due to the complexity of the geometric information in the current study, as is discussed later, and does not indicate that
geometric information is never acquired incidentally.
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Response and landmark strategy use
Our study suggests that a reliance on an egocentric response strategy relative to a landmark strategy by young children may be less prevalent than previously indicated (Bullens et al., 2010; but see
Leplow et al., 2003). Just 2% of adults, 8% of older children, and 13.5% of younger children used a
response strategy in Experiment 2. This was in contrast to Bullens et al. (2010), where close to 50%
of 5- to 10-year-old children used an egocentric response strategy spontaneously (see also Iaria
et al., 2003). We also found that 93.41% of adult participants, 84% of older children, and 68.59% of
younger children used the landmark across from the hallway to help them locate the target hallway
in Experiment 2. In Bullens et al. (2010), no more than half of 5- to 10-year-olds employed an effective
landmark strategy in their allocentric task. Furthermore, Experiment 3 suggested that children used
the landmark strategy flexibly in the sense that they quickly adjusted to using new landmarks when
previous landmarks were no longer reliable. Their performance clearly improved after the first trial.
The discrepancy in results between what we found and what Bullens et al. (2010) reported may be
due to differences in experimental design and materials. First, we used six unique landmarks rather
than two identical sets of three landmarks as used by Bullens et al. Hence, children in our study were
able to form a one-to-one correspondence between the target hallway and its associated landmark.
Second, we used proximal landmarks rather than distal landmarks as used by Bullens et al. Several
researchers have reported that children younger than 7 years are more likely to use local cues rather
than distal cues to infer the locations of objects (Bullens, Klugkist, & Postma, 2011; Lehnung et al.,
1998; Leplow et al., 2003). Our results are more consistent with research showing that young children
can rely on landmarks and local features of the environment when engaging in route-learning activities (Jansen-Osmann & Wiedenbauer, 2004; Lingwood et al., 2015).
Overall, all three groups seemed to be able to use a landmark strategy. However, we did find age
differences associated with the landmark strategy use in both Experiment 2 and Layout D of Experiment 3. Adults searched fewer hallways for the target than younger children, and response analyses
also suggested that 24.5% more adults than younger children were able to find the target correctly
in the last trial of Layout D. Hence, although many children as young as 6–8 years used landmark
strategies, some children were still less effective and flexible at doing so than adults. One likely reason
for the quantitative differences (in hallways, steps, and time) in the landmark strategy use is that
adults and older children remember landmarks more readily than younger children, as supported
by previous studies (Jansen-Osmann & Fuchs, 2006; Jansen-Osmann & Wiedenbauer, 2004;
Lingwood et al., 2015;). Improvements in this ability with age may presumably enable children to
use landmark information more efficiently.
Metric strategy use
Among the most interesting results in this study was that metric information was not spontaneously used by any group when it was the only reliable information available. Very few participants
in any group demonstrated using a metric strategy when appropriate for the first trial of Experiment 3
or Experiment 4. Perhaps the participants relied on landmarks exclusively throughout Experiments 1–
3 and were not prepared to use metric information when landmarks were removed. In particular, they
may have simply not encoded the metric information in sufficient detail to use it or were not explicitly
aware of its significance. As a result, participants appeared to use unreliable landmark information or
employ a time-consuming search strategy beginning with the nearest hallway. It may involve a great
cognitive effort to integrate metric features of the six hallways in the correct order and form a precise
metric layout of the maze. Our study suggests that in complex problem-solving situations of the largescale environment, geometric information might not be processed in a manner that can be directly and
easily accessed for future wayfinding (Warren et al., 2017).
Nevertheless, the results of Experiment 4 indicate that it is possible to acquire and use metric information to navigate the large-scale environment. Furthermore, this ability gradually improves over a
prolonged age range and might not be readily available to everyone. Using a metric strategy appears
to involve several steps. First, it is necessary to identify variations in metric information in the environment. Second, it is necessary to recognize the usefulness of this information in navigation. Third, it
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is necessary to know how to use the information to locate an environmental goal. A majority of adults
were able to quickly learn to use a metric strategy despite initially not doing so in the absence of landmarks. Hence, they exhibited an ability to engage in all three aspects of metric strategy use. Older children were aware of the usefulness of metric information because, like adults, they mentioned it as
being informative in the posttests. Yet many fewer were effective in using it. This would indicate that
the older children were more likely to exhibit the first two aspects but not the third aspect of metric
strategy use. The younger children likely noticed the variations in metric information but were not
aware of how to use metric relations in navigation because very few younger children mentioned it
in the posttests. Hence, they exhibited skill in only the first aspect of metric strategy use. This developmental course suggests a gradual mastery of using metric strategies during navigation in a largescale environment. This may also help to explain the large age difference and individual variations
during spatial navigation (Merrill et al., 2016).
Constructing a cognitive map
The problems with using metric strategies experienced by children and many adults may stem
from the difficulty in constructing a map of the large-scale environment that contains reliable metric
relations. Researchers disagree on whether humans can establish accurate and enduring metric survey
knowledge of the environment. In general, it appears that encoding metric relations occurs relatively
spontaneously and effortlessly under some conditions and not under others. For example, regular
shapes of the surface layout can be encoded as an enduring allocentric representation (Wang &
Spelke, 2002). However, when engaged in path integration, humans prefer to identify salient local
landmarks in constructing cognitive maps rather than encoding the metric distance between two
points (Foo, Warren, Duchon, & Tarr, 2005).
The results of our study indicate that many adults are not able to apply a metric strategy in a navigation task even though they may be able to encode metric information about the environment. More
specifically, many adults and some children correctly selected the map of the environment and performed above chance in the length judgment task, yet they failed to demonstrate competence at using
a metric strategy in the navigation task. Constructing a functional cognitive map of metric information
should require multiple skills. The overall geometric shape of our environment was relatively complex
when compared with previous studies where the geometrics was well defined and the spatial environment was relatively small such as being a square or rhombus (e.g., Lee, Sovrano, & Spelke, 2012). Constructing a metric cognitive map would require not only encoding the varying lengths of the hallways
but also integrating them in the correct order. This would likely place a high demand on spatial working memory, which is essential to building accurate cognitive maps (e.g., Weisberg & Newcombe,
2016). In addition, participants would need to exhibit the ability to change perspectives and engage
in spatial updating processes. After Experiment 1, we regularly changed the starting hallways, which
may have limited participants’ ability to build a complete cognitive map from a single origin. Participants would also need to integrate information gained from the new starting location into the existing partial or complete cognitive map (Blades & Spencer, 1994; Broadbent et al., 2014). Lastly,
frequently entering and exiting hallways resulted in repeated changes in heading and possibly disorientation. To reduce disorientation, it is necessary to conduct spatial updating (Pick & Rieser, 1982;
Presson & Montello, 1994), keeping track of the changing spatial relations to the surroundings as
one moves. Together, these factors likely increased the difficulty of constructing a metric cognitive
map in a large-scale spatial environment, hence using a metric strategy.
Relative to adults, children exhibited even greater difficulty in constructing a cognitive map of the
spatial layout, as indicated by results of the posttests and Experiment 4. This is consistent with the
previous literature indicating that development of the ability to accurately represent the environment
undergoes significant improvement between 6 and 12 years of age. Children younger than 6 years
might not be able to form map-like or symbolic representations of the environment (Cousins,
Siegel, & Maxwell, 1983; Hazen, Lockman, & Pick, 1978; Herman, Shiraki, & Miller, 1985; Uttal,
2000). Children’s ability to form configurational knowledge continues to improve into late middle
childhood, that is, around 12 years of age (Jansen-Osmann & Fuchs, 2006; Jansen-Osmann, Schmid,
& Heil, 2007). It is also likely that successful use of a metric strategy requires more developed
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attention and executive processes (Lithfous et al., 2014) than children have yet fully mastered during
middle childhood. It is reasonable to assume that the same factors that hinder adults’ metric cognitive
map building are likely to affect the performance of children even more severely (e.g., Bullens et al.,
2011).
Conclusion
Understanding what spatial information individuals use to navigate in the spatial environment is of
core importance in the field of spatial processing. Using a new paradigm, our study explored how egocentric processing of specific turn information, allocentric processing of landmark information, and
allocentric processing of metric information contributed to spatial problem solving in children and
adults. We found that a majority of children as young as 6–8 years were able to use a landmark strategy effectively. In addition, whereas the majority of adults were adept at using a metric strategy, relatively few children were able to do so. There was a large developmental difference in metric strategy
use but a relatively small developmental difference in landmark strategy use. We encourage future
researchers to continue exploring the cognitive development of spatial strategies (e.g., its developmental course, interactions between different strategies, how they affect large-scale vs. small-scale
spatial learning), which has implications for designing better spatial environments and better training
programs for children.
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Appendix A. Analyses of Steps and Time
We conducted identical analyses on steps and time as those on hallways. Statistics for each experiment are listed below.
Experiment 1 analyses
Steps:. For steps, the main effect of group was significant, F(2, 77) = 7.87, p < .001, g2p = .170, with
fewer steps taken by adults (M = 36.05, SD = 29.79) than by both child groups (M = 62.18, SD = 69.09
for older children; M = 74.05, SD = 66.73 for younger children). The main effect of trial was also significant, F(2.74, 211.22) = 3.39 (Greenhouse–Geisser method), p = .022, g2p = .042, with better performance over trials.
Time: For time, the main effect of group was significant, F(2, 77) = 8.22, p < .001, g2p = .176, with faster time exhibited by adults (M = 28.31, SD = 38.89) and older children (M = 41.83, SD = 54.10) than by
younger children (M = 65.11, SD = 62.60). The main effect of trial was significant, F(2.33, 179.33)
= 11.08, p < .001, g2p = .126, with better performance over trials. When this analysis was rerun including the factor gender, the main effect of gender was significant, F(1, 74) = 10.09, p = .002, g2p = .120,
with faster time in male participants than in female participants (MD = 23.72). The interaction
between trials and gender was significant, F(2.3, 170.26) = 3.64, p = .023, g2p = .047. Posttests indicated
significant gender differences in the first two trials (MD = 45.87, p = .006, and MD = 29.45, p = .007,
respectively), but not in the last two trials (MD = 19.08, p = .061, and MD = 0.50, ns, respectively).
Experiment 2 analyses
Steps: The main effect of group was significant, F(2, 74) = 4.53, p = .014, g2p = .109, with fewer steps
taken by adults (M = 34.32, SD = 12.13) than by younger children (M = 56.64, SD = 56.31). Older
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children did not differ from either of these groups (M = 44.85, SD = 46.16). The main effect of trial was
significant, F(1, 74) = 17.49, p < .001, g2p = .191, with better performance in the second trial (M = 36.40,
SD = 22.09) than in the first trial (M = 54.14, SD = 61.83). The interaction between trial and group was
significant, F(2, 74) = 5.42, p = .006, g2p = .128. The improvement from the first trial to the second trial
was greater for younger children (MD = 30.20, p < .001) and older children (MD = 24.58, p = .002) than
for adults (MD = 1.56, ns).
Time: The main effect of group was significant, F(2, 74) = 4.63, p = .013, g2p = .111, with faster time
taken by adults (M = 20.60, SD = 15.72) than by younger children (M = 37.84, SD = 45.90). Neither of
these groups differed from the older children (M = 24.10, SD = 30.23). The main effect of trial was significant, F(1, 74) = 21.53, p < .001, g2p = .225, with shorter times in the second trial (M = 19.74,
SD = 18.67) than in the first trial (M = 35.29, SD = 49.20). The interaction between trial and group
was significant, F(2, 74) = 6.39, p = .003, g2p = .147. The improvement from the first trial to the second
trial was greater in younger children (MD = 28.98, p < .001) and older children (MD = 17.38, p = .005)
than in adults (MD = 0.27, ns). When this analysis was rerun including the factor gender, the main
effect of gender was significant, F(1, 71) = 4.47, p = .038, g2p = .059, with faster time in male participants
than in female participants.
Experiment 3 analyses: Layout C
Steps: The main effect of group was not significant, F(2, 77) = 1.54, p = .221, with no difference
among adults (M = 63.69, SD = 48.62), older children (M = 65.22, SD = 56.72), and younger children
(M = 76.99, SD = 69.36). The main effect of trial was significant, F(1, 77) = 22.20, p < .001, g2p = .224,
with fewer steps in the second trial (M = 54.34, SD = 64.06) than in the first trial (M = 82.93,
SD = 51.16). The main effect of starting hallway was marginally significant, F(1, 77) = 3.48, p = .066,
g2p = .043, with more steps when starting from Hallway 6 (M = 74.61, SD = 60.81) than when starting
from Hallway 2 (M = 62.66, SD = 57.96). This is likely due to the greater distance between Hallway
6 and the target hallway than the distance between Hallway 2 and the target hallway. The first trial
also started with Hallway 6, and the first trial was probably more difficult than succeeding trials. The
interaction between trial and starting hallway was significant, F(1, 77) = 6.78, p = .011, g2p = .081. The
improvement from the first trial to the second trial was greater when starting from Hallway 6
(MD = 44.11) than when starting from Hallway 2 (MD = 13.06). However, this may simply reflect
the greater room for improvement available for Hallway 6 trials.
Time: The main effect of group was significant, F(2, 77) = 4.96, p = .009, g2p = .114, with older children (M = 38.03, SD = 31.44) taking significantly less time than younger children (M = 57.21,
SD = 55.40). Neither of these groups differed from adults (M = 45.28, SD = 42.05). The main effect of
trial was significant, F(1, 77) = 33.00, p < .001, g2p = .300, with less time in the second trial
(M = 34.38, SD = 44.65) than in the first trial (M = 59.30, SD = 39.20). The main effect of starting hallway was significant, F(1, 77) = 10.20, p = .002, g2p = .117, with more time when starting from Hallway
6 (M = 54.29, SD = 50.74) than when starting from Hallway 2 (M = 39.40, SD = 34.48). The interaction
between trial and starting hallway was significant, F(1, 77) = 9.91, p = .002, g2p = .114. Again, the
improvement from the first trial to the second trial was greater when starting from Hallway 6
(MD = 38.94) than when starting from Hallway 2 (MD = 10.89).
Experiment 3 analyses: Layout D
Steps: The main effect of group was significant, F(2, 76) = 5.11, p = .008, g2p = .118, with adults
(M = 48.53, SD = 41.52) taking significantly fewer steps than younger children (M = 73.38,
SD = 64.88) and with older children (M = 55.75, SD = 46.58) not differing from these groups. The main
effect of trial was significant, F(1, 76) = 22.63, p < .001, g2p = .229, with fewer steps in the second trial
(M = 47.59, SD = 45.60) than in the first trial (M = 70.84, SD = 57.35).

96

Y. Yang et al. / Journal of Experimental Child Psychology 181 (2019) 75–101

Time: The main effect of group was significant, F(2, 77) = 4.96, p = .009, g2p = .114, with both adults
(M = 31.50, SD = 34.60) and older children (M = 33.49, SD = 30.45) taking significantly less time than
younger children (M = 50.12, SD = 48.84). The main effect of trial was significant, F(1, 77) = 23.40,
p < .001, g2p = .233, with less time in the second trial (M = 29.89, SD = 35.78) than in the first trial
(M = 46.85, SD = 44.94).

Experiment 4 analyses
Steps: The main effect of group was significant, F(2, 75) = 4.86, p = .010, g2p = .115, with significantly
fewer steps taken by adults (M = 64.51, SD = 44.24) than by younger children (M = 97.63, SD = 86.33)
and with older children (M = 73.03, SD = 53.51) not being significantly different from either of these
groups. When each analysis was rerun including the variable gender, a significant four-way interaction was observed. However, the results were too complex to interpret meaningfully and, hence,
are not reported here.
Time: The main effect of group was significant, F(2, 76) = 4.45, p = .015, g2p = .105, with adults
(M = 43.59, SD = 34.52) and older children (M = 43.39, SD = 34.08) taking significantly less time than
younger children (M = 61.06, SD = 51.09). Similar to the analyses above, a significant four-way interaction was observed when including the factor gender. The results were too complex to interpret
meaningfully and, hence, are not reported here.

Posttests
Length judgment: The hallway on the left of the target hallway had the same length as the target
hallway, and 25.9% of adults, 12% of older children, and 28.6% of younger children answered it correctly. For the hallway on the right, 63% of adults, 32% of older children, and 39.3% of younger children
correctly identified it as longer than the target hallway. For the hallway across from the target hallway,
70.3% of adults, 20% of older children, and 35.7% of younger children correctly identified it as shorter
than the target hallway.

Supplemental experiment analyses
Hallways: The analysis was 2 (Experiment: main or supplemental)  2 (Starting Hallway: 1 or 4) 
2 (Trial) mixed ANOVA with experiment as a between-participant factor and the last two as withinparticipant factors. The only significant main effect was for trial, F(1, 48) = 18.79, p < .001, g2p = .281.
In addition, the interaction between trial and experiment was significant, F(1, 48) = 6.21, p = .016,
g2p = .114, with greater improvement from the first trial to the second trial in the supplemental experiment (MD = 0.89, p < .001) than in the main experiment (MD = 0.24, ns).
Steps: The main effect of trial was significant, F(1, 45) = 7.03, p = .011, g2p = .135, with fewer steps
taken in the second trial than in the first trial.
Time: The main effect of trial was significant, F(1, 48) = 12.65, p = .001, g2p = .209, with faster time in
the second trial than in the first trial. The main effect of experiment condition was not significant in
any measure.

Appendix B. Results of Strategy Use
See Figs. B1–B4.
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Fig. B1. Strategy use in Experiment 2. Blue: correct response; red: response strategy; green: uncategorized. They are listed in
the order they were completed. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

Fig. B2. Strategy use in Layout C of Experiment 3. Blue: correct response; red: wrong landmark strategy; green: uncategorized.
They are listed in the order they were completed. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. B3. Percentages of correct responses in Layout D of Experiment 3. They are presented in the order they were completed.

98

Y. Yang et al. / Journal of Experimental Child Psychology 181 (2019) 75–101

Fig. B4. Percentages of correct responses in Experiment 4. They are presented in the order they were completed.

Appendix C
Map choices

Note. The correct answer is 4.
Appendix D
Some of the scripts for the posttests
For the strategies, children were given the following script: ‘‘We have finished the games. You did
really well! Now I am really curious why you did so well. Would you like to help me answer a few questions? [pause for answer] In the first game, everything was the same and nothing changed. How did you
find the treasure box? [pause for answer] What methods or tricks did you use? [pause for answer].”
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(If the participant is hesitant or confused, ask the following: ‘‘If another child is to play this game, what
tips will you give to him/her?”) ‘‘In the second game, the objects on the table were messed up. How did
you find the treasure box? [pause for answer] What methods or tricks did you use? [pause for answer]. In
the third game, the objects on the table were completely gone. How did you find the treasure box? [pause
for answer] What methods or tricks did you use? [pause for answer].”
For the map judgment, children were given all the choice options and then were given the following script: ‘‘Do you know that there was a secret map for the previous game? Do you know what a map
is? [pause for answer; no participants had any problem] Now there were a few maps, and only one is
the correct one for the previous game that you played. Can you help me identify the one?”
For the length judgment, the experimenter used his or her arms to gesture: ‘‘Do you know in the
previous games, not all the hallways were of the same length? [pause for answer] Okay, now let’s
recall how different they are.” The experimenter raises his or her right arm in front of the body,
extends the palm, points straight forward, and gestures to the child. ‘‘Suppose you are facing this
way and looking down one hallway.” The experimenter then extends his or her left arm to the left
and gestures to the child. ‘‘Compared with the hallway you are facing, how long is the hallway to your
left, like what I am showing you—longer, shorter, or the same?” The experimenter switches his or her
two arms so that the left arm points straight and the right arm points to the right. ‘‘Compared with the
hallway you are facing, how long is the hallway to your right, like the one that I am showing you—
longer, shorter, or the same?” Finally, the experimenter uses his or her right arm pointing straight
and the left arm pointing to the back of the body. ‘‘How long is the hallway directly behind you compared with the hallway you are facing, like what I am showing you—longer, shorter, or the same?”
Appendix E
Percentages of participants describing different strategies.
Egocentric
response
Experiments 1 and 2
Younger
0
children
Older
8
children
Adults
16
Experiment 3
Younger
0
children
Older
12
children
Adults
12
Experiment 4
Younger
12
children
Older
8
children
Adults
4

Landmark
information

Metric
information

Sequential
exploration

Other

68

4

20

8

68

12

16

12

92

16

0

0

32

8

36

28

24

40

32

8

32

48

12

16

0

16

32

40

0

48

8

36

0

64

4

24

Appendix F. Supplementary material
Supplementary data to this article can be found online at https://doi.org/10.1016/j.jecp.2019.01.
005.
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